Abrass CK, Hansen K, Popov V, Denisenko O. Alterations in chromatin are associated with increases in collagen III expression in aging nephropathy.
AGING NEPHROPATHY (AN) is characterized by slowly progressive sclerosis and fibrosis of glomeruli and tubulointerstitium (1) . Accumulation of extracellular matrix (ECM) is accompanied by a change in matrix composition (2) , which contributes to altered cell and organ function. Increased expression of SA-␤-galactosidase, particularly in proximal tubular epithelium, is considered as evidence of cellular senescence in the aging kidney (21) . As increased production of ECM of altered composition is a feature of senescent cells (12) , the development of cellular senescence has been postulated to contribute to AN. Melk and Halloran (40) linked renal senescence to loss of repression of p16 Ink4a , and they postulated that this resulted from chronic exposure to oxidative stress. In the late stages of AN, loss of peritubular capillaries and ischemia are also associated with progressive interstitial fibrosis (53) . Although these characteristics of AN have been defined, little is known about the mechanisms that lead to AN.
Posttranslational modifications of histones and methylation of DNA (epigenetic changes) participate in chromatin remodeling that influences the accessibility of DNA to transcriptional regulatory machinery. Epigenetic modifications along silenced genes (heterochromatin) and active genes (euchromatin) are reproduced in daughter cells and play an important role in maintenance of the differentiated cellular phenotype. Although it was originally thought that, once established, epigenetic modifications were permanent, current evidence suggests that all of these modifications are reversible, and they must be actively maintained to support gene expression states (17, 46, 59) . In some circumstances, physiological stimuli can lead to a change in the chromatin state that persists and can contribute to metabolic or immune memory (36, 55) , thereby affecting activation or repression of individual genes.
Aging is accompanied by abnormal silencing of some genes and disordered expression of others; thus alterations of epigenetic control of gene expression have been postulated to contribute to development of the aging phenotype (5, 24) . Demonstration of increasing frequency of senescence-associated heterochromatin foci with age is evidence of significant change in chromatin structure (26) and is thought to contribute to aberrant silencing of genes with aging. Outside of these foci, more subtle changes in chromatin have been postulated to contribute to the progression of aging-associated changes (3, 5, 30, 31) . Genome-wide scans have shown global hypomethylation of DNA as humans age (23, 24, 54) ; however, some areas of hypermethylation occur and both are thought to contribute to dysregulation of gene expression and altered homeostasis with aging. Cellular senescence contributes to organism aging and age-associated diseases. Loss of Polycomb group (PcG)-mediated silencing leads to reexpression of p16 Ink4a , which induces replicative arrest, the hallmark of senescent cells (9, 14) . PcG-mediated gene silencing involves binding of Polycomb repressive complex (PRC) 2, which contains Suz12, Eed, and enhancer of zeste 2 (Ezh2), that methylates lysine 27 on histone H3 (H3K27me3), followed by binding of PRC1 (Ring, Bmi1, CBX proteins), histone deacetylases, and DNA methyltransferases that lead to silencing of specific genes (11, 19, 20) . In some genes, heterochromatin proteins and histone methyltransferases that methylate lysine 9 on histone H3 (H3K9me3) work in concert with PcG complexes to repress gene transcription (49) . Little is known about which mechanisms are critical to balanced expression of specific genes or become dysregulated with aging.
Collagen III expression in the kidney is normally limited to the adventitia surrounding arteries, but it increases in the glomerular mesangium and throughout the interstitium in AN (2) . Based on new expression in AN, we elected to examine the histone modifications related to expression of this gene in aged rats. In this report, we show that changes in chromatin structure are associated with overexpression of collagen III in aging kidneys. These findings support a role for epigenetic mechanisms in the development of AN.
MATERIALS AND METHODS
Materials. Antibodies were obtained from the following manufacturers: goat anti-collagen III (Southern Biotechnology, Birmingham, AL); mouse anti-heterochromatin protein 1 (HP1; Millipore, Billerica, MA); rabbit anti-Ezh2 and mouse anti-H3K27me3 (Active Motif, Carlsbad, CA); rabbit anti-H3K4me3, rabbit anti-H3K9me3, rabbit, rabbit anti-H3, and mouse ant-RNA polymerase II (Abcam, Cambridge, MA); rabbit anti-Sirt1and mouse anti-Suv39h1 (Upstate, Lake Placid, NY); mouse anti-␤-actin (Sigma, St. Louis, MO); and rabbit anti-ERK1/2 (Cell Signaling, Danvers, MA).
Animals. These studies were reviewed and approved by the Institutional Animal Care and Use Committee of the Veterans Affairs Puget Sound Health Care System. Kidneys from 4-mo-old (Y) and ad libitum-fed 24-mo-old (AL) F344 rats were obtained from the National Institute on Aging's barrier-raised colony. Five to ten animals in each group were examined.
Histology. Light and fluorescence microscopy were performed by routine methods (8) . Glomerular diameters were determined using software provided by Zeiss Axiovision 4.5. Glomerulosclerosis and tubulointerstitial fibrosis were determined using a 0 -4ϩ scale (8) . More than 50 glomerular diameters were measured per sample (n ϭ 7/group).
mRNA expression. Total RNA was isolated using RNAqueous-4PCR (Ambion, Austin, TX) and subjected to real-time RT-PCR (qPCR) using ABI 7900HT and SYBR green SensiMix dT (Quantace, Norwood, MA). Primer pairs for each of the genes examined are shown in Table 1 . mRNA of interest was factored by 18S ribosomal RNA.
Western blot analysis of protein levels. Frozen tissues were lysed in PBS containing 0.1% SDS, 0.5% Triton X-100, and protease inhibitors (Sigma), clarified by centrifugation, and subjected to SDS-PAGE under reducing conditions, transferred to nitrocellulose followed by Western blotting. These extracts were used for detection of all of the proteins except Sirt1, where cytosolic levels were quite low. To assess Sirt1, the nuclear fraction was isolated using a commercial fractionation kit (Biovision, Mountain View, CA). Staining for ERK1/2, a protein that is both nuclear and cytosolic, was used as a loading control. 
TSS, transcription start site. 
Chromatin immunoprecipitation assay.
A chromatin immunoprecipitation (ChIP) assay was performed using both fast ChIP (45) and matrix ChIP (22) methods, which have been validated and compared with other ChIP methods (44) . Frozen cortical tissue was thawed in PBS containing 1% formaldehyde and minced. Following fixation for 20 min at room temperature, the samples were lysed and sonicated. DNA in tissue extracts was quantitated by fluorometric reading of a Quant-iT dsDNA HS assay (Invitrogen, Carlsbad, CA), and samples were equalized to the same concentration before ChIP. Aliquots of each of these samples were used to purify and measure input DNA and to create a pool of DNA that was used to establish standard curves for each PCR primer pair. Input DNA measurements by qPCR were performed for each immunoprecipitation. qPCR reactions were run in triplicate for each sample for each primer pair. Nonspecific immunoprecipitation was determined in the absence of a specific antibody or with nonimmune IgG. Comparisons with Col3a1 included GAPDH. Results obtained in an initial set of 10 animals (5/age group) were confirmed in a second set of 10 animals. The final set is reported here. Primer pairs were selected for PCR that included promoter regions, 5= of the transcription start site, midgene, and the 3= portion of the gene including the last exon and 3= untranslated region. Results were expressed as percentage of input DNA.
Statistical analysis. Group means were compared by ANOVA. P Ͻ 0.05 was considered significant.
RESULTS

Characterization of AN.
Before assessment of epigenetic changes in AN, kidney tissues were examined by light microscopy to quantify the extent of glomerulosclerosis and tubulointerstitial fibrosis. The degree of glomerulosclerosis and tubulointerstitial fibrosis were scored from 0 to 4ϩ, with 0 representing no evidence of fibrosis or sclerosis. This analysis confirmed that characteristics typical of AN were present in the tissues used for subsequent studies. The 4-mo-old animals (Y) had no evidence of kidney pathology, whereas 24-mo-old ad libitum-fed F344 rats (AL) developed typical AN (Fig. 1)  (2, 53) .
Collagen III accumulation in the aging kidney is associated with increased Col3a1 transcription. Collagen III accumulation was determined by immunofluorescence microscopy. In young animals, there is minimal staining for collagen III around large blood vessels and Bowman's capsule. As animals age, there is new expression of collagen III in the mesangium, accumulation in Bowman's capsule as it thickens, and significant increases in the interstitium around peritubular capillaries and larger vessels (Fig. 2, A and B) , which parallels the degree of interstitial fibrosis described above. These studies confirm earlier evidence that collagen III accumulates in aging kidneys (2) . Because Col3a1 is a gene with limited expression in young animals and becomes overexpressed in old animals, it represents a good candidate for studies of epigenetic regulation. In keeping with the increased staining for collagen III protein, mRNA expression for Col3a1 was increased more than twofold in AL compared with Y rats (Fig. 2C) . To determine whether the increase in steady-state mRNA levels was due to enhanced transcription, a ChIP assay was performed to assess the degree of association of RNA polymerase II (Pol II) with the Col3a1 gene. The gene map and sites of the PCR primers used for ChIP analysis are shown in Fig. 2D . Increased amounts of Pol II were detected throughout the Col3a1 gene in AL compared with Y rats (Fig. 2E) . The twofold increase in density of Pol II at the Col3a1 gene is comparable to the increase in Col3a1 mRNA levels in AL rats. Genome-wide scans have found that a high density of H3K4me3 consistently identifies genes that are actively transcribed (41) . As expected, the density of H3K4me3 was increased at the Col3a1 gene (Fig. 2F) . Together, these findings indicate that the increase in Col3a1 steady-state mRNA levels observed in AL rats is associated with enhanced transcription and that increased transcription contributes, at least in part, to collagen III accumulation in AN.
Collagen III accumulation in the aging kidney is associated with increased density of H3K27me3 and reductions in
H3K9me3 at the Col3a1 gene. As very little or no Col3a1 is expressed in the young kidney, we expected that this gene is normally silenced and that loss of silencing mechanisms might account for the increase in transcription that occurs with aging. To explore this possibility, ChIP assays were performed using antibodies to H3K27me3 and H3K9me3 (22) . To our surprise, there was a significant increase in the density of H3K27me3 at the Col3a1 gene in AL rats compared with Y rats (Fig. 3A) . This change was not seen in other genes examined, including constitutively transcribed GAPDH (data not shown). It is known that at some genes, PcG-mediated silencing mechanisms act in concert with those mediated by heterochromatin proteins (HP1) and enzymes that trimethylate H3K9me3 (10, 48, 57) . As shown in Fig. 3B , there was a significant reduction in the density of H3K9me3 at the Col3a1 locus in AL compared with Y rats. This observation raises the possibility that both H3K27me3 and H3K9me3 are required for effective silencing of the Col3a1 gene as was observed in Y rats where it is not expressed.
Alterations in histone methyltransferase levels in AN. To achieve effective gene silencing involving both the PcG and heterochromatin protein systems, multiple steps must work in concert. To investigate the possibility that other members of these complexes might be altered in aging, we investigated expression levels in Y and AL kidneys. A survey of mRNA expression for proteins involved in PcG-and HP1-mediated silencing is summarized in Table 2 . There was no evidence of loss of a specific protein in aging rat kidney that might account for an alteration in these complexes. Significant increases in a few notable proteins were observed and examined further.
Loss of H3K9me3 at the Col3a1 gene (Fig. 3B ) could result from loss of Suv39h1, the enzyme responsible for this histone modification (25) . However, there was a marked increase in mRNA and protein levels in kidneys from AL compared with Y rats (Fig. 4, A and B) . Although we were unable to directly assess enzyme activity in these tissues, we evaluated Sirt1, which plays a role in the control of life span (15) and enhances the methyltransferase activity of Suv39h1 through acetylation at K266 (56) . Sirt1 mRNA and protein were also increased in AL compared with Y rats (Fig. 5) , making it less likely that loss of Sirt1 protein has led to impaired Suv39h1 activity. It has previously been established that caloric restriction, a modification that prolongs life and reduces kidney scarring (18, 58) , is associated with an increase in Sirt1 protein levels in kidneys compared with ad libitum-fed aged rats (37) . Although Sirt1 levels decline postnatally as rats reach adulthood (37) , direct comparisons between Y and old rats have not been reported. Our findings indicate that Sirt1 mRNA and protein levels in aged rats actually increase compared with young animals; however, the age at which this begins to occur is unknown.
Ezh2 (KMT6), the key enzyme that trimethylates H3K27, was also significantly increased in aged rats (Fig. 6, A and B) . Although the actual activity of Ezh2 was not assessed in vivo, the increased density of H3K27me3 at the Col3a1 locus argues that this enzyme is actively recruited to the Col3a1 locus and catalyzes this histone modification. In keeping with mRNA and Western blots, staining of kidney sections for Ezh2 was also increased in AL rats compared with Y rats (Fig. 7A) . Dual staining for both Ezh2 and collagen III in aged kidneys (Fig.  7B) shows that increased staining for Ezh2 was detected in cells adjacent to increased collagen III accumulation, whereas nonfibrotic areas did not have increased Ezh2. This finding suggests that the changes in H3K27me3 that were seen at the Col3a1 locus are linked to the changes in collagen III accumulation. Normally, Ezh2 levels are high during organism development and fall shortly after birth as animals reach maturity (32) . Ezh2 staining is usually confined to the nucleus; however, in aged animals, the increase appears to include the nucleus and cytosol. Because Ezh2 has been shown to control actin polymerization and cell signaling (52) , overexpression of Ezh2 in the cytosol with aging may influence other methylation-dependent activities in addition to those affecting chromatin. Increased expression of Ezh2 has not previously been reported in aged animals or kidneys from aged animals.
DISCUSSION
AN is associated with a steady progression of fibrosis without known etiology (1, 2, 4, 7, 16, 28, 39, 58) . Chronic oxidative stress has been postulated to cause AN, as well as to induce cellular senescence (40) . Chronic oxidative stress and cellular senescence are typified by increased synthesis of matrix proteins with resultant pericellular fibrosis (12) . Campisi (12, 13) has argued that chronic oxidative stress provokes induction of one of several pathways (autophagy, apoptosis, senescence) to prevent tumor formation. Independent of the relationship of these processes to cancer development, senescent cells display a unique senescence-associated secretory phenotype (SASP) which affects the biology of adjacent cells and contributes to fibrosis (13) . During aging, tissues accumulate cells with characteristics of oxidative stress, senescence, responses to SASP proteins, gene mutations, and a variety of chromatin modifications (47) . Together, they contribute to aging-associated diseases. This report is the first attempt to characterize the changes in chromatin at a specific gene locus that becomes altered in the aging kidney. Our findings of markedly elevated levels of histone methyltransferases and changed histone marks in aged animals argue for altered chromatin structure and disordered control of transcription as contributors to collagen accumulation in AN.
Limited data are available regarding specific histone modifications associated with the Col3a1 gene in cells with different expression states. Genome-wide studies using deep sequencing approaches and analysis of a limited number of histone modifications showed that the Col3a1 gene contains neither H3K4me3 nor H3K27me3 in mouse and human embryonic stem cells (6, 43) . Such "unmarked" genes are thought to acquire activating or repressive marks with cell differentiation or physiological stimuli that alter their expression. In keeping with this, they found that Col3a1 acquired H3K4me3 in mouse embryonic fibroblasts that express collagen III. No studies have been reported using differentiated cells that do not express collagen III. Results shown here in young animals suggest that Col3a1 expression is normally repressed by cooperative interaction between PcG-and HP1-mediated mechanisms (50) . In pilot studies to establish the ChIP assay in rat tissues, we also found a very high density of H3K27me3 and H3K9me3 modifications at Col3a1 in cultured rat glomerular epithelial cells that do not express this gene (unpublished observations). In keeping with what occurs in mouse cells (6, 43) , we would expect that physiological stimulation of Col3a1 transcription is associated with increased density of H3K4me3, and loss of H3K27me3 and H3K9me3. This pattern was not found, which raises the possibility that altered control of these histone marks with aging contributes to the change in gene expression in AN. A recent publication showed that in some cases a high density of H3K27me3 can be associated with increased gene transcription (48) . In that report, specific disruption of the interaction between HP1 and TIF-1␤ at the silenced MEST gene caused disassociation of Suv39h1 with subsequent loss of H3K9me3, an unexpected increase in H3K27me3, and reexpression of this gene. Similar changes have been reported in other genes when Suv39h1 activity was inhibited or other members of the complex were disrupted (25, 35, 38, 47) . Our studies suggest that loss of H3K9me3 at the Col3a1 locus allows increased activation of gene transcription despite persistence of the repressive mark, H3K27me3. This appears to contribute to enhanced collagen III accumulation in AN. An important limitation of the use of whole kidney is the inability to establish that these chromatin modifications and enhanced transcription are occurring in the same cell. Additional studies that include appropriate cell culture models and deep sequencing methodologies are needed to establish that increased transcription of Col3a1 and the chromatin modifications we identified occur in the same cell and are mechanistically linked.
In an attempt to understand factors that account for the changes in histone marks that were observed at the Col3a1 locus in aged rats, we evaluated levels of enzymes that are important in mediating posttranslational modifications of histones. A significant increase in mRNA and protein levels of Suv39h1 and Ezh2 were observed. Suv39h1, the histone methyltransferase that trimethylates H3K9, has been shown to be elevated in senescent cells (47) . In the face of chronic oxidative stress, which can provoke tumor formation, apoptosis, or senescence (13, 47) , inhibition of Suv39h1 blocks induction of senescence and promotes tumor formation (47) . Thus it is possible that the increase in Suv39h1 that we observed is a part of the response to oxidative stress that promotes senescence. Suv39h1 and H3K9me3 are increased in senescence-associated heterochromatin foci (38, 62) , but the activity of this enzyme and the density of H3K9me3 at euchromatic genes in stressed, presenescent, or senescent cells has not been reported. We examined Sirt1, an NADϩ-dependent histone deacetylase, because of its important influence on life span (29) , and its role in control of Suv39h1 activity (56) . Increased Sirt1 levels were reported in whole kidney extracts from calorically restricted compared with 12-mo-old ad libitum-fed rats (18) . Comparisons between young and 24-mo-old mice were reported recently, which showed that Sirt1 levels and activity are reduced at 24-mo of age and increased by caloric restriction (33) . We also found very low levels of Sirt1 in kidney extracts (data not shown), but nuclear preparations (presented here) showed increased Sirt1 content in old compared with young rats. These differences may reflect species differences, animal ages, or the methods that were used. Independent of the modifications in Sirt1 content, its activity is thought to be reduced in aged tissues as a result of reduced NADϩ levels (18, 27, 33) . Should Sirt1 activity be reduced in aged animals, this could reduce the activity of Suv39h1 and thereby contribute to a reduction in H3K9me3 despite the increase in Suv39h1 protein content. Similar to the effects of Sirt-1 on Suv39h1-mediated methylation of H3K9, Sirt-1 interacts with disruptor of telomeric silencing-1, the histone methyltransferase that trimethylates H3K79, to mediate repression of epithelial sodium channel transcription (60) . Inhibition of Sirt-1 activity results in enhanced aldosterone effects on the epithelial sodium channel. Studies that evaluate the content and activity of these enzymes at specific gene loci are needed to understand the relevance of these alterations to dysregulated expression of specific genes.
The marked increase in Ezh2 mRNA and protein that we observed could contribute to the increase in H3K27me3 at the Col3a1 gene. Ezh2 levels have not been examined before in aged kidney tissues; however, Ezh2 is overexpressed in cancer (51) , and manipulations in its expression influence cell proliferation, expression of oncogenes, and derepression of p16 Ink4a with induction of senescence (9) . Control of expression of Ezh2 is critical to stem cell renewal and maintenance of pluripotency (32) . As different Ezh2-containing complexes target H1 or H3 (34) , overexpression of Ezh2 in aging may also contribute to the development of senescence-associated heterochromatic foci which contain H1 (61) . Potential heterogeneity of cellular responses is an important limitation in studies using whole kidney cortex. Dual staining of tissues showing regional association between increased Ezh2 and collagen III accumulation (Fig. 7B) suggest that these changes are associated with fibrosis, as nonfibrotic areas have no increased staining for Ezh2. It is of note that there was enhanced staining for Ezh2 in both the cytosol and nucleus in tissues from aged rats. Although Ezh2 was shown to be specific for the H3K27me3 modification and was initially thought to be limited to the nucleus, Ezh2 can associate with Vav1 in response to PDGF and mediate methylation-dependent changes that lead to actin reorganization and cellular responses to PDGF (52) . Thus the marked increase in Ezh2 expression in aged kidneys may have implications for processes independent of chromatin structure and transcription. Furthermore, given the association between aging and renal cancer, increased Ezh2 might be relevant to renal tumor initiation as reported by Metsuyanim et al. (42) .
These studies provide the first in vivo survey of epigenetic modifications at a specific gene locus known to be abnormally expressed in AN. While these studies do not establish the mechanisms that lead to these epigenetic modifications, nor the mechanisms by which they lead to loss of repression of collagen III transcription, they do implicate dysregulated chromatin function in the development of AN. Additional studies are needed to establish the mechanism by which epigenetic control of Col3a1 transcription becomes dysregulated with aging and to establish the link to oxidative or other forms of injury.
